This paper provides an update to the 1998 WHO/ UNICEF report on complementary feeding. New research findings are generally consistent with the guidelines in that report, but the adoption of new energy and micronutrient requirements for infants and young children will result in lower recommendations regarding minimum meal frequency and energy density of complementary foods, and will alter the list of "problem nutrients." Without fortification, the densities of iron, zinc, and vitamin B 6 in complementary foods are often inadequate, and the intake of other nutrients may also be low in some populations. Strategies for obtaining the needed amounts of problem nutrients, as well as optimizing breastmilk intake when other foods are added to the diet, are discussed. The impact of complementary feeding interventions on child growth has been variable, which calls attention to the need for more comprehensive programs. A six-step approach to planning, implementing, and evaluating such programs is recommended.
Introduction
In 1998, the World Health Organization (WHO) and UNICEF jointly published a document entitled "Complementary feeding of young children in developing countries: a review of current scientific knowledge" [1] .
The objectives of this document were to provide the background information needed for the development of scientifically sound feeding recommendations and the design of intervention programs to optimize the dietary intake of children and thereby enhance their nutritional status and general health. Since the publication of that document, a number of countries have initiated or expanded programs to promote optimal child feeding practices. WHO convened a consultation in December 2001 to review the experiences of these programs and determine which programmatic activities are most likely to promote improved complementary feeding. This paper was prepared to review selected information and major conclusions of the 1998 document prior to this recent consultation and to indicate, as appropriate, any specific areas where new information may necessitate reconsideration of the earlier conclusions. This paper focuses primarily on the two major sections of the 1998 publication that dealt with energy and nutrient requirements from complementary foods. It also provides information on the interactions between complementary feeding and breastmilk intake and discusses several relevant programmatic issues, including the impact of complementary feeding programs on children's growth and key components of successful complementary feeding programs.
The 1998 document used a simple, consistent conceptual framework to establish energy and nutrient requirements from complementary foods, based on the difference between young children's estimated total energy and nutrient requirements and the amounts of energy and nutrients transferred in breastmilk to children of different ages. As part of the present exercise, updated reports on these energy and nutrient requirements were considered, and new information was sought on the composition and amounts of breastmilk transferred from mother to child in relation to the child's postnatal age.
Update on technical issues concerning complementary feeding of young children in developing countries and implications for intervention programs
As indicated above, the amount of energy required from complementary foods was estimated as the difference in age-specific recommendations for the total energy intake and the amount of energy transferred in breastmilk to children at different ages. Because of age-related differences in the two factors that determine the energy needs from complementary foods, data were presented separately for the age groups of 6 to 8, 9 to 11, and 12 to 23 months. The minimum age considered was based on the recommendation that complementary foods should be introduced at six months, and the upper age limit was due to the limited amount of information on the quantity of energy transferred in breastmilk to children older than two years (although this amount was assumed to be a relatively small proportion of an older child's total energy intake).
The WHO/UNICEF 1998 document [1] relied on recommendations for energy intake that were first presented by the International Dietary Energy Consultative Group (IDECG) in 1994. IDECG considered separate estimates of the average energy needs of infants [2] and of children aged 12 to 23 months [3] , both of which were derived from measurements of total daily energy expenditure, using the doubly-labeled water method, and estimates of the energy contents of fat and protein deposited during growth. Assumptions regarding fat and protein accrual were based on the WHO/National Center for Health Statistics (NCHS) growth curves and other published data on the components of weight gain. The IDECG recommendations were approximately 9% to 39% less than the earlier Food and Agriculture Organization (FAO)/WHO/United Nations University (UNU) recommendations [4] , which were based on observed dietary intakes of healthy infants and children, plus 5% in infants to compensate for an assumed underestimation of their intakes. The WHO/UNICEF complementary feeding document accepted the IDECG recommendations rather than the earlier FAO/WHO/ UNU recommendations, because the observed intakes do not necessarily reflect desirable intakes, so the estimates based on measurements of energy expenditure and growth were deemed to be more appropriate.
New information on energy requirements
Since the publication of the WHO/UNICEF 1998 document on complementary feeding, more information has become available on young children's energy requirements, and FAO/WHO/UNU have been conducting a formal review of this information prior to its planned publication of revised estimates. The new FAO/WHO/UNU recommendations for energy intake during infancy will be based on the longitudinal measurements of total energy expenditure and body mass and composition that were obtained from 76 US children at 3, 6, 9, 12, 18 , and 24 months of age [5] . The FAO/WHO/ UNU recommendations for children aged 1 to 18 years will be based on a regression line fitted to energy expenditures by children of different ages, using information drawn from multiple data sets collected by different investigators. However, the vast majority of the data for one-year-old children were derived from the same longitudinal study of US children noted above, so it would seem to be more appropriate to use this information directly rather than the data from the regression equation, which is influenced by data from children in other age groups. Thus, for the current analyses of energy requirements from complementary foods, the estimates of total energy requirements are based entirely on the data from the US longitudinal study.
In this data set, energy requirements differed by the child's age, feeding practice (breastfed or nonbreastfed), and sex. Because very little of the available information on breastmilk energy intake is presented according to the child's sex, the data on energy requirements were examined for both sexes combined in the current review. Notably, the energy requirements of breastfed infants aged 6 to 23 months were approximately 4% to 5% less than those of nonbreastfed infants, and only the requirements of breastfed children are considered here. The proposed new FAO/WHO/UNU estimates, shown in the tables below, differ slightly from the data in the original published report from the longitudinal studies, because the actual energy expenditures per unit of body weight were multiplied by the reference median weights of an international reference for breastfed infants [6] rather than the weights of the children in the study sample.
To facilitate comparison of information from the 1998 publication and the recent US data, the means of the new US data at 6 and 9 months, 9 and 12 months, and 12, 18, and 24 months were used for the periods 6 to 8 months, 9 to 11 months, and 12 to 23 months, respectively. Table 1 presents the figures used for energy requirements in the WHO/UNICEF 1998 publication and the updated values. The new estimates are about 5% to 18% less than those used in the 1998 publication when requirements are expressed per day, and about 5% to 13% less when requirements are expressed in relation to body weight. Part of this difference can be explained by the fact that the IDECG analyses included some data from undernourished children, whose energy requirements may have been elevated. Thus, the newer figures may be more appropriate estimates of the energy needs of healthy, breastfed children. On the other hand, the fact that the newer estimates were based only on US children leaves some uncertainty about possible geographic differences in K. G. Dewey and K. H. Brown energy requirements, and inclusion of more data from other populations would be worthwhile.
New information on energy transferred in breastmilk
We were able to locate only one newly published study on breastmilk intake and energy content of milk from mothers in a low-income country [7] . This study, in which mothers were given either a high-or a lowenergy supplement, provided data for only one of the relevant age periods, namely, infants about six months of age, approximately 76% of whom were exclusively breastfed. The mean amount of milk consumed (764 g/day) and the mean energy density of the milk (0.74 kcal/g or 0.308 MJ/100 g) were well within the ranges reported for exclusively breastfed infants in the WHO/UNICEF 1998 publication (776 ± 141 g/day and 0.67 ± 0.16 kcal/g or 0.280 ± 0.067 MJ/100g, respectively). Thus, there does not seem to be sufficient new information to justify any revisions of the previously published estimates of breastmilk energy intakes. Table 2 provides the estimates of the amount of energy required from complementary foods, using either the theoretical total energy requirements suggested by IDECG in 1994 or the newly proposed requirements derived from the US longitudinal data. The figures based on the recently revised estimates of total energy requirements are approximately 25% to 32% less than those published in 1998.
Impact of new information on estimates of young children's energy requirements from complementary foods

Appropriate feeding frequency and energy density of complementary foods
The WHO/UNICEF 1998 document recognized that recommendations on the frequency of feeding complementary foods depend on the energy density of these foods. By the same token, guidelines on the appropriate energy density of complementary foods must be con- Because very little empirical information was available at the time of that publication on the effects of feeding frequency and energy density on total daily energy intake and energy intake from breastmilk, theoretical estimates were developed for the minimum energy density that would be acceptable, considering different feeding frequencies and limited information regarding the so-called functional gastric capacity of children of different ages. Briefly, the amount of energy required from complementary foods was divided by the number of meals providing these foods and by an assumed gastric capacity of 30 g/kg body weight per day to estimate the minimum appropriate energy density for that number of meals. For these analyses, the energy requirements from complementary foods were based on age-specific total daily energy requirements plus 2 SD (to meet the needs of almost all children) minus the amount of energy provided by breastmilk.
Since the 1998 publication, no new studies have been published with empirical data on these relationships in breastfed children. Therefore, it is still necessary to rely on theoretical calculations, and these analyses have been updated to reflect the newly revised estimates of total daily energy requirements. Table 3 provides revised summary information for adequately nourished children receiving low (mean -2SD), average, or high (mean +2SD) amounts of breastmilk energy. Because of the reduction in the estimated total energy requirements, the minimum energy density calculated to be sufficient to allow children to satisfy their total energy needs is less for any particular number of meals than was suggested previously. As shown in table 4 for wellnourished children consuming average amounts of breastmilk, for example, the estimates of the minimum energy density range from 19% to 28% less than those presented in the WHO/UNICEF 1998 publication. Because of the newly proposed decrease in estimated total energy requirements and the consequent reduction in the minimum energy density of complementary foods that is needed to ensure adequate intake from a particular number of meals, it may be possible to achieve sufficient energy density while delivering fewer meals per day. To develop feeding guidelines for the general population, we used data based on children with a low energy intake from breastmilk, since these provide the most conservative assumptions regarding the minimum desirable energy density or number of meals. As shown in table 5, when most households are able to prepare meals with a minimum energy density of 1.0 kcal/g, children in all age groups should be able to consume enough energy if they receive at least three meals per day. When most households are able to prepare foods with a minimum energy density of only 0.80 kcal/g, children from 6 to 11 months of age would be able to satisfy their energy needs from complementary foods if they received at least three meals per day, whereas those from 12 to 23 months of age would need to receive at least four meals per day.
Lipid content of complementary foods
The nutritional importance of the lipid content of the whole diet in general, and of complementary foods in particular, was described in the WHO/UNICEF 1998 publication [1] . The specific contributions of dietary lipids include their supply of essential fatty acids and fat-soluble vitamins and their enhancement of dietary energy density and sensory qualities. In general, as the breastmilk energy intake declines as a proportion of total dietary energy, the total lipid intake also subsides, because breastmilk is a relatively more abundant source of lipids than most complementary foods. The 1998 publication provided calculations regarding the amounts of lipids that should be present in complementary foods to assure that lipids provide 30% to 45% of the total dietary energy from both breastmilk and other foods [1] . This range of dietary lipid was felt to represent a reasonable compromise between the risks of too little intake (and possible adverse affects on dietary energy density and essential fatty acid consumption) and excessive intake (possibly increasing the likelihood of childhood obesity and future cardiovascular disease, although evidence in support of these latter concerns is limited [8] ). This originally proposed range of lipid intake still represents a general consensus of other experts who have considered this topic more recently [9] , although several authors have emphasized the need for more research on optimal lipid intakes and on the minimum levels of essential fatty acid intakes that are appropriate in early childhood [10, 11] .
Because of the revised figures for total energy requirements, we recalculated the percentage of energy in complementary foods that should be provided by lipids to maintain the total lipid intake from the whole diet at a level that is 30% to 45% of total energy. As shown in table 6, the revised energy requirements have little impact on the estimates of the percentage of energy from complementary foods that should be provided as lipid, except for infants aged 9 to 11 months. In this age group, the new estimates of total energy requirements suggest that considerably less lipid energy than previously recommended is needed from complementary foods either when children receive an average amount of energy from breastmilk and it is considered desirable for them to obtain 30% of their total energy as lipid, or when they receive a high amount of energy from breastmilk and it is considered desirable for them to obtain 45% of their total energy as lipid.
Factors affecting intake of complementary foods
A number of independent factors, such as the child's appetite, the caregiver's feeding behaviors, and the characteristics of the diets themselves, may influence the amounts of complementary foods that are consumed. We were unable to locate new studies on child appetite or the treatment of anorexia, so this remains an important topic for future research; issues of child feeding behaviors were reviewed in another background paper prepared for the consultation. Although one new study did propose that frequent feeding of breastmilk and water may interfere with the intake of other foods, this hypothesis was not formally tested [12] . New studies that were identified concerning the effects of energy density, viscosity, and other sensory properties of the diet on the total amounts consumed are described below. Several recently published studies provided information on the effects of dietary energy density and/or viscosity on the consumption of complementary foods. A study of 30 children aged 6 to 23 months in rural South Africa compared meal intakes when either a local maize-milk porridge (with an energy density of about 0.6 to 1.1 kcal/g) or a similar porridge fortified with α-amylase and additional cereal (with an energy density of about 1.0 to 1.3 kcal/g) was served [13] . Both types of porridge had a similar low viscosity. Overall, children ingested about 6% less of the porridge with greater energy density, but they consumed about 24% more energy at a meal from this enhanced preparation.
Another study was designed to compare the intakes of local food mixtures that were formulated to contain one of two levels of energy density (either about 1.1 kcal/g or about 0.6 kcal/g) and either high or low viscosity [14] . The research was conducted in 18 fully weaned Peruvian children, aged 8 to 17 months, who were hospitalized while recovering from malnutrition or infection. Reduction in dietary viscosity was achieved by adding α-amylase, and other sensory properties of the diet were held constant by using specific additives. The children ate substantially greater amounts of the low-energy-density diets, but they consumed significantly more total energy from the high-energy-density, low-viscosity diet.
Vieu et al. [12] studied the effects of the energy density and sweetness of complementary foods on intakes by 24 breastfed West African infants aged 6 to 10 months. Three modified semiliquid gruels were prepared from the same foods as typical local gruels, but the modified gruels contained amylase and had a lower water content, so that they had a higher energy density than the unmodified gruel (about 1.09 kcal/g vs. 0.45 kcal/g), while maintaining similar viscosity. The proportions of millet and sucrose were also varied in the three modified gruels to achieve progressively increasing levels of sweetness, while keeping the energy density constant. Although the children consumed greater amounts of the unmodified than of the modified gruels, the energy intakes from the preparations with greater energy density increased by about 40% (not including breastmilk). The intakes of the higherdensity gruels also increased progressively in relation to the level of sweetness of the preparations. The results of all three of these foregoing studies are consistent in several respects. First of all, the energy density of complementary foods is clearly a major determinant of the amount of food that is consumed. When other aspects of the diet are similar, children consume more of a low-energy-density diet, presumably in an attempt to meet their energy needs. Nevertheless, the energy intake from complementary foods varies directly with their energy density, despite the lower intakes of the foods with greater energy density. These conclusions are consistent with the findings of the WHO/UNICEF 1998 document. The new evidence suggesting that increased sweetness of a locally prepared porridge may stimulate greater intake [12] must be balanced against the possible risks of excessive sugar intake, such as displacement of more nutrientrich foods and promotion of dental caries. The sweetest preparation in this study provided nearly 20% of energy as sucrose, an amount that is about twice as much as one current recommendation [15] .
Only one of the studies cited above was designed to examine the effects of energy density and viscosity independently, while controlling for other sensory properties of the diet [14] . This study clearly demonstrated that reduction of the viscosity of very thick preparations boosted the energy intakes of nonbreastfed children. The 1998 document noted that earlier research on this question produced inconsistent results, possibly because of inadequate study designs. The addition of this new study adds greater credence to the likelihood that a reduction in viscosity of high-energy-density complementary foods will augment young children's energy intakes from complementary foods. However, because none of the intervention studies with breastfed children have included 24-hour measurements of breastmilk intake, it is not yet known whether this increased intake from complementary foods would result in a net increase in total daily energy intake.
Duration of need for special transitional foods
The WHO/UNICEF 1998 document [1] explored the question of how long specially formulated foods are needed for young children because of their particular physiological limitations and nutritional needs. Of major concern was the ability of children of different ages to chew and swallow food of different physical forms successfully, especially foods of thick or solid consistency. The only information available at that time on the percentage of children consuming more than trivial amounts (≥ 5 g/day) of solid foods was drawn from a longitudinal study of Peruvian infants. The percentage of infants receiving solid foods increased progressively during the first year; by 11 months of age, 72% of the Peruvian infants were consuming these foods.
A new set of relevant information has been published from the DONALD study [16] . Consumption of commercial infant food products and other foods by 293 mostly upper-economic-class infants was measured at 3, 6, 9, and 12 months of age in Dortmund, Germany, during the period from 1990 to 1996. Foods were categorized as breastmilk, commercial infant foods (infant formula, cereals, and baby foods), or other (home-prepared infant food, family table food, and cow's milk). Although the physical characteristics of the foods were not described, it can be assumed that the commercial infant foods were generally of liquid or semisolid consistency when served, whereas at least some of the family foods were of more solid consistency. The percentages of total food intake provided by each of these food categories were analyzed by age, for breastfed and nonbreastfed infants combined (table 7) . The percentage of total food intake that was provided by commercial infant foods peaked at 6 months and declined to 37% by 12 months. By contrast, the percentage of total food intake provided by other foods increased progressively during the first year, reaching 62% of the total by 12 months. Unfortunately, no information was presented on the proportion of children who were receiving these other foods at each age.
We also reviewed information collected during the US Department of Agriculture (USDA) Continuing Survey of Food Intake by Individuals (CSFII) for the period 1994-96 and 1998 [17] . Information from children less than two years of age was analyzed to determine the percentage of children who received different types of foods and the amounts consumed. The foods were categorized as infant formula, other fluid milk, infant juice, infant cereal, other infant foods (strained, junior, or toddler jarred foods, including meat, vegetables, fruits, desserts), and other foods. Although specific information was not available on the consistency of these foods, the same assumptions that were applied to the DONALD survey can be used to interpret the CSFII data. Because no information was obtained during the CSFII survey on the amount of breastmilk intake, the data were disaggregated according to breastfeeding status, and the information is presented only for breastfed children. Only about 50% of the US children were breastfed during the first two months of life, and the rate of breastfeeding declined progressively to about 12% to 14% by the end of the first year. Infants first began receiving other foods (possibly including some solid foods) during the third month, although the mean amounts consumed did not exceed 5% of nonbreastmilk energy intake until the infants were more than five months of age (table 8) . By 9 to 11 months of age, almost all (94%) of the children who were still receiving breastmilk were also receiving these other foods, which provided more than 50% of their total nonbreastmilk energy intakes during months 9 to 11 and approximately 80% of these intakes in the second year. In summary, the results of these two newer surveys seem consistent with the earlier conclusion that most infants are physically able to consume home-available family foods in substantial amounts during the second year of life, probably by about 12 months of age. Thus, special foods with liquid or semisolid consistency may be required only during the period from 6 to 11 months.
Of related interest, the associations between the age of introduction of "lumpy" solid foods and the types of foods consumed and the presence of feeding prob- 3  118  805 ± 144  47  47  2  2  51  2  6  153  906 ± 161  25  33  10  19  62  13  9  180  1,034 ± 207  4  20  13  20  53  43  12  229  1,070 ± 239  1  13  9  15  37  62 a. Data from ref. 16 . Analysis includes both breastfed and nonbreastfed infants.
Update on technical issues lems at 6 and 15 months of age were studied among nearly 10,000 English children [18] . Children who first received lumpy foods after 10 months of age were more likely to have feeding difficulties at 15 months than those who were introduced to these foods between 6 and 9 months of age. Although these results are intriguing and suggest that there may be a critical window for introducing lumpy solid foods, the study design does not exclude the possibility of reverse causality. Thus, prospective trials of the timing of introduction of lumpy foods would be of value.
Protein and micronutrients required from complementary foods
Calculations of the amounts of nutrients needed from complementary foods
In the WHO/UNICEF 1998 report [1] , the amounts of protein and micronutrients needed from complementary foods were estimated by subtracting the amounts provided by human milk from the recommended nutrient intakes (RNIs) for each of the age intervals (6 to 8, 9 to 11, and 12 to 23 months). These were then converted into desired nutrient densities (per 100 kcal of complementary food) by dividing by the amount of energy needed from complementary foods at each age. The RNIs used in 1998 were based primarily on the Dietary Reference Values from the United Kingdom Department of Health [19] , except for energy, protein, folate, iron, and zinc. The RNIs for protein were taken from a 1996 IDECG report [2, 3, 20] , those for folate and iron were based on FAO/WHO estimates [21] , and those for zinc were derived from calculations from metabolic studies (Annex III of the 1998 report [1] ). Since the 1998 report was completed, new dietary reference intakes (DRIs) have been published by the US Institute of Medicine for many of the micronutrients [22] [23] [24] [25] . It is worthwhile to consider how the new DRIs would influence the estimates of nutrients needed from complementary foods. However, before doing so, it is important to understand the various methods used to derive DRIs for children under two years of age. For most nutrients, the data are lacking to establish the estimated average requirement (EAR) in this age range. This makes it difficult to calculate the recommended dietary allowance (RDA), which is usually defined as the EAR plus two standard deviations. Therefore, several different approaches have been utilized. One is to estimate the RDA based on extrapolation from values for adults or older children. Another is to estimate an adequate intake (AI), based on mean observed intakes of healthy individuals. For children aged zero to six months, the AI values used for the new DRIs were calculated from intakes of exclusively breastfed infants. For the age interval from 7 to 12 months, the estimated intake from human milk (assuming a mean volume of 600 ml/day) was added to the amounts expected to come from complementary foods (based on observed intakes of solid foods in the US population at this age).
Because AI values are based on observed intakes, they are dependent on the dietary practices of the reference population. With respect to the "true" nutrient needs of children under two years of age, the AI may be an overestimate (if the diet of the reference population has generous amounts of the nutrient), or an underestimate (if the observed intakes are marginal but do not result in obvious clinical symptoms). Whenever possible, the DRI committees attempted to reconcile the AI values with values based on extrapolation of the RDA for other age groups, but this was not always an option. Because of the lack of data for children under 12 months of age, the DRIs in this age interval were based primarily on AI values, except for iron and zinc. For children aged 12 to 23 months, most of the DRIs were based on RDAs extrapolated from other age groups. As a result, there are some inconsistencies between the DRIs for children 7 to 12 and 12 to 23 months of age. For example, the DRIs for vitamins A and C are considerably higher at 7 to 12 months than at 12 to 23 months (500 vs. 300 µg for vitamin A; 50 vs. 15 mg for vitamin C), even though the requirements are presumably proportional to body size, and the DRIs for folate, calcium, and phosphorus nearly double between the age intervals from 7 to 12 months and from 12 to 23 months (from 80 to 150 µg for folate, from 270 to 500 mg for calcium, and from 275 to 460 mg for phosphorus).
In addition to the new DRIs, the revised vitamin and mineral requirements are being published by WHO/FAO [26] . Table 9 Update on technical issues differ from both the new DRIs and the previously used RNIs in some or all of the three age intervals (calcium, iodine, iron, magnesium, and zinc). The differences in RNIs for a given nutrient are due primarily to the methods used for estimating the requirements. For example, most of the RNI values chosen for the 1998 report were based on clinical studies or factorial estimates, rather than the AI approach. The rows highlighted in table 9 indicate the nutrients for which the difference between any two of the three RNIs listed in each age interval was greater than 20%. In some cases, use of the new DRIs or WHO/FAO values would not cause a major change in the likelihood that a nutrient would be identified as a "problem nutrient" during the period of complementary feeding, because the usual intakes in developing countries are either considerably greater than or considerably less than the desired nutrient level, regardless of the reference used. In others, however, using the new estimates would significantly alter the conclusions reached in the 1998 report with regard to problem nutrients. For this purpose, it is not clear which set of RNIs would be most appropriate, given the limitations of the AI approach described above. For example, if one used the new DRIs, vitamin C would be flagged as a "problem nutrient" at 6 to 11 months in some developing countries, because the DRI (based on the AI approach) is relatively high (50 mg) due to the generous amounts of vitamin C in solid foods consumed in the United States. In the 1998 report, vitamin C was not identified as a problem nutrient, because the UK dietary reference value (based on clinical studies) is only 25 mg, an amount that can be satisfied by breastmilk intake alone (assuming an average breastmilk intake). On the other hand, the new DRI for calcium at 7 to 12 months (270 mg, based on an AI) is about half of the UK dietary reference value chosen for the 1998 report (525 mg), which would make it less likely that calcium would be flagged as a problem nutrient at this age (the opposite is true at 12 to 23 months). Because there are no simple biochemical markers of calcium status, it is not clear whether US breastfed infants are consuming adequate calcium at 7 to 12 months, and thus whether the AI approach is valid. Therefore, given the current state of knowledge, it is not a simple task to decide which RNI to choose for each nutrient.
Identifying the problem nutrients
As described in the 1998 report [1] , "problem nutrients" are those for which there is the greatest discrepancy between their content in complementary foods and the estimated amount required by the child. They can be identified by comparing the estimates of desirable nutrient density of complementary foods (amount of nutrient per 100 kcal) with the actual densities of the nutrients in the foods consumed by breastfed children in various populations.
At the time the 1998 report was prepared, these comparisons were available for only two data sets (Peru and the United States) for the age ranges of 6 to 8 and 9 to 11 months, and only one data set (Mexico) for the age range of 12 to 23 months. Tables 10 and 11 provide these comparisons for a somewhat larger group of data sets: five countries are represented at 6 to 8 and 9 to 11 months (Bangladesh, Ghana, Guatemala, Peru, and the United States), and three at 12 to 23 months (Guatemala, Mexico, and the United States). In the first three columns, the tables show the average desired nutrient densities (i.e., assuming an average breastmilk intake) of selected nutrients based on three different sets of RNIs: the values used in the 1998 report, the new DRIs, and the new WHO/FAO requirements. For the densities based on the latter two references, the newer estimates of energy requirements, described above, were utilized to calculate the desired nutrient density. (Because the newer energy requirement estimates are lower than those used in the 1998 report, all of the desired nutrient densities will be somewhat higher unless the new RNI for a given nutrient is sufficiently less than the RNI used in the 1998 report; this is why the desired protein density is higher in the second and third columns, even though new RNIs for protein have not yet been published.) The remaining columns of tables 10 and 11 show the median nutrient density of the complementary foods consumed by breastfed children in each study.
For each study, the values in these tables were calculated from weighed food-intake data converted to nutrients using appropriate local food-composition tables. The data from Bangladesh were obtained from 135 breastfed infants in nine rural villages in Matlab Thana, located 55 km southeast of Dhaka (personal communication, Kimmons JE, Dewey KG, Haque E, Chakraborty J, Osendarp S, Brown SH, University of California, Davis, Calif., USA, and International Centre for Diarrhoeal Disease Research, Bangladesh, 2002). Each child's intake was measured on a single day by an observer during a 12-hour period, and nighttime intake was estimated by maternal recall. For Ghana, the data are based on 12-hour weighed intakes of 208 breastfed infants in a town located about 400 km north of Accra [27] . These infants were enrolled in an intervention study to evaluate the effects of various "improved" complementary food blends: Weanimix, a blend of maize, soybeans, and peanuts; Weanimix plus fish powder; and a traditional fermented maize porridge (koko) plus fish powder. A fourth group, which received Weanimix fortified with vitamins and minerals, was excluded from these calculations except for their preintervention intake data at six months. At each dietary assessment (at 6, 7, 8, 10, and 12 months), food records were completed for a randomly selected subsample of 50% of the subjects. The data from Guatemala were obtained during a micronutrient intervention trial that was conducted in a periurban community outside of Guatemala City [28] . Daytime food intake was measured by an observer. The Guatemalan values in tables 10 and 11 are based on breastfed infants only (N = 194), with two or three days of records for each child in each age interval (6 to 8 and 9 to 11 months). Nutrients provided by the intervention supplements are not included in the data. For Peru, the data are based on 12-hour weighed food intake records for 107 breastfed infants in Huascar, a periurban community on the outskirts of Lima [29, 30] . For each child, three to four days of records were available for each age interval. The US data are derived from the DARLING study, in which four-day weighed food intake records of 46 breastfed infants in Davis, California, were completed by their mothers at 6, 9, 12, 15 , and 18 months [31] ; the sample sizes in the tables are less than 46 because of missing data for some of the infants. For Mexico, the dietary intake of children in the rural town of Solis was Update on technical issues assessed by in-home measurements by an observer on multiple days [32] . The Mexican data shown here are for those children who still received breastmilk (N = 18 at 18 to 24 months), for whom there were 2 to 12 days of food records per child. (Note: the Mexican data differ from those in the 1998 report because the latter included all children in the Mexican study, not just the breastfed children.)
In all three age intervals, the median protein density in each of the populations (2.0 to 3.3 g/100 kcal) was considerably greater than the desired density (0.7 to 1.0 g/100 kcal). For the micronutrients shown in these tables, however, the picture is quite different, particularly for iron and zinc. At 6 to 8 months, the median iron and zinc densities were far less than the desired level in all five populations (regardless of which set of desired levels is used), and the same was true at 9 to 11 months, except for zinc density in Ghana. Iron and zinc intakes in Ghana were higher than those in the other developing countries, because two-thirds of the Ghanaian infants in these analyses were provided with a complementary food mix that included fish powder; the other third was provided with a maizesoybean-peanut blend. Even so, their intakes fell short of the desired levels for these two nutrients. At 12 to 23 months, the median iron density in Guatemala and Mexico was also less than all three sets of desired levels, and iron density in the United States was less than the desired level based on the new DRIs. In all countries, the median zinc density at 12 to 23 months was similar to or slightly greater than the first two sets of desired levels (the 1998 values and the new DRIs), but lower than the desired density based on the new WHO/FAO requirement.
The adequacy of observed calcium densities depends on which set of desired levels is used. In comparison with the 1998 desired levels or the new WHO/FAO requirements, all five populations had inadequate calcium densities at both 6 to 8 and 9 to 11 months. When the new DRIs were used, the median calcium density was also generally inadequate (except for the United States) at 6 to 8 months, but was generally adequate (except for Bangladesh and Peru) at 9 to 11 months. At 12 to 23 months, most of the populations had adequate calcium density with respect to the 1998 desired levels, but all had levels lower than the desired levels derived from the new DRIs or the new WHO/FAO requirements.
Most populations had adequate vitamin A density with respect to the 1998 desired levels (except Bangladesh at 6 to 8 and 9 to 11 months and Mexico at 12 to 23 months). When compared with the new DRIs, however, the observed densities at 6 to 11 months were considerably lower than desired in all populations except Guatemala and the United States, whereas none of the densities at 12 to 23 months were lower than desired. When compared with the new WHO/FAO values, vitamin A density was low in Bangladesh, Ghana, Peru, and Mexico. Vitamin A intakes were higher in Guatemala than in the other developing-country sites, because sugar in Guatemala is fortified with vitamin A. For some of the water-soluble vitamins shown in the tables, the adequacy of the observed densities also depends on which set of desired levels is used. The observed densities of thiamine and folate were generally similar to or greater than the 1998 levels (except for thiamine in Mexico at 12 to 23 months) but were less than the levels based on the new DRIs or WHO/FAO values in many cases. In all populations, the observed vitamin C density at 6 to 8 and 9 to 11 months was less than the desired density based on the new DRIs, but greater than the 1998 desired density; when compared with the WHO/FAO desired density, the values were low in Bangladesh and Ghana (as well as Peru at 9 to 11 months). At 12 to 23 months, the observed vitamin C density was low only in Mexico (and only when compared with the 1998 or WHO/FAO levels).
By contrast, riboflavin and vitamin B 6 were problem nutrients in some populations, regardless of which set of desired levels was used. Riboflavin density was low or marginal in all populations except the United States. Information on the vitamin B 6 content of the diet was not available for all populations, but when it was, the density was low or marginal except in the United States at 9 to 11 and 12 to 23 months. Vitamin B 6 was not flagged as a problem nutrient in the 1998 report, because there was an error in the estimate of vitamin B 6 requirements from complementary foods in that document. The value that was used for vitamin B 6 content of human milk was taken from a previously published report prepared by the US Institute of Medicine [33] , which overstated the vitamin B 6 content of breastmilk by an order of magnitude (93 mg/L rather than 93 µg/L). As a result, the amount required from complementary foods was correspondingly underestimated. The correct age-specific values for the vitamin B 6 content of complementary foods should have been 0.24 mg/day, 0.34 mg/day, and 0.65 mg/day for children aged 6 to 8, 9 to 11, and 12 to 23 months, respectively, indicating that complementary foods must provide a large percentage of the vitamin B 6 needs. Because vitamin B 6 deficiency has been associated with delayed growth and neurological abnormalities in infants [34, 35] , it is important to recognize that it may be a problem nutrient.
Niacin is a special case because of the contribution of dietary tryptophan to niacin synthesis. Without considering tryptophan, the niacin densities were low in all populations, regardless of which desired level was used (except for Bangladesh at 9 to 11 months and the United States at all ages). Available food-composition tables provide only limited information on the tryptophan content of local foods. Therefore, we estimated the niacin equivalents (NE) based on the approximate ratio of tryptophan to dietary protein in the USDA food-composition database (about 10 mg tryptophan for every gram of protein). The total NE density was generally adequate except in Peru at six to eight months and Guatemala at all ages. Some nutrients (e.g., vitamin E, iodine, and selenium) were not included in tables 10 and 11 because food-composition data were lacking or there was a high degree of natural variability depending on factors such as storage conditions and water or soil content. They may very well be problem nutrients in some populations. Similarly, vitamin D was not included, because it is assumed that exposure to the sun will be adequate for photoconversion in the skin, but this may not be the case in areas of high latitude or where infants are kept shielded from the sun or sunscreens are commonly used. For the nutrients included in these analyses, the values in tables 10 and 11 should be interpreted with caution because of the limitations of food-composition databases. Data were sometimes missing for particular foods, in which case appropriate substitutions were made. However, there is considerable judgment involved in making such substitutions because of uncertainty about the nutritional comparability of various foods. Nonetheless, it is remarkable that the observed nutrient densities were quite similar across populations in most cases; when they were not, there was usually an obvious reason (such as use of fortified foods or dependence on a particular staple food).
In summary, these analyses suggest that iron, zinc, and vitamin B 6 are problem nutrients in most developing-country populations, and riboflavin and niacin are problem nutrients in certain populations. Even in the United States, iron and zinc are problem nutrients in the first year of life, despite the availability of iron-fortified products. The judgment about calcium, vitamin A, thiamine, folate, and vitamin C depends on which set of desired levels is deemed most appropriate. If one uses the new WHO/FAO requirements, folate, thiamine, and calcium would be considered problem nutrients in many developing-country populations, and vitamin A and vitamin C would be problem nutrients in some situations.
Until more information is available, the "desired" nutrient densities shown in tables 10 and 11 should not be used as reference values. First, as mentioned earlier, there is a need for expert review regarding the most appropriate RNI to use for each nutrient when developing nutrient density recommendations for this age range. Second, there is still uncertainty regarding breastmilk concentrations of certain nutrients, and thus the amounts needed from complementary foods. In the case of vitamin B 6 , for example, the breastmilk concentration used in the 1998 report is based on a single study in which there were only six women not taking vitamin B 6 supplements. Nonetheless, the general picture emerging from the data in tables 10 and 11 is that multiple micronutrients are likely to be limiting in the diets of children aged between 6 and 24 months in developing countries.
Strategies for obtaining needed amounts of problem nutrients
Optimizing nutrient intake from locally available foods The comparisons described above are based on observed intakes of complementary foods as chosen by the carers, and the mix of foods offered (and the way they are prepared) may not be optimal to meet nutrient needs. This section will discuss strategies by which to improve the nutritional quality of a diet based on locally available foods.
One of the challenges in developing dietary guidelines for optimizing nutrient intake is the large number of nutrients that have to be considered simultaneously. A mathematical approach that can accomplish this is linear programming, which is used to minimize a linear function (e.g., cost) while fulfilling multiple constraints expressed in a linear form (e.g., nutrient needs) [36, 37] . In its simplest form, linear programming merely requires knowing the nutrient composition and cost of local foods and the nutrient requirements to be met. However, the resulting "solution" (i.e., the lowest-cost combination of foods that will meet nutrient needs) may dictate the consumption of an excessive amount of energy from complementary foods. For this reason, constraints need to be imposed on the model with regard to the total amount of energy that can reasonably be consumed by children in each age interval while still allowing for typical intakes of breastmilk. Furthermore, it may be necessary to impose constraints on the maximum amount of each individual food that can reasonably be consumed to avoid a solution that is unrealistic (e.g., a single food providing more than two-thirds of energy from complementary foods). Finally, bioavailability constraints need to be included (which may require nonlinear techniques) so as to adjust for the effects of components such as phytate on the estimated amount of certain micronutrients (e.g., iron and zinc) that can be absorbed.
Deshpande et al. [38] recently applied this technique to dietary data collected from 135 Bangladeshi infants 9 to 12 months of age, using the RNIs cited in the 1998 report. With all of the above constraints in the model, it was not possible to fulfil nutrient needs solely with locally available foods. The limiting nutrients were iron and calcium. Even with animal-source foods in the diet (eggs, fish, and milk), the iron "gap" relative to needs was 7 mg, and the calcium "gap" was 130 mg. Addition of micronutrient supplements to the model made it possible to meet nutrient needs, and the resulting diet was of lower cost than the diet that included animalsource foods without supplements. Linear programming techniques can be used to obtain a list of foods that (when consumed in the amounts prescribed) come as close as possible to meeting nutrient requirements at the lowest cost. The combination of foods identified can be used as the "model local diet," recognizing that the gaps in the limiting nutrients may need to be filled using other strategies, such as micronutrient supplements or substitution of fortified complementary foods for some of the foods in the model local diet. By knowing the magnitude of the shortfall for each of the limiting nutrients, the cost of these other components can be kept to a minimum. In this fashion, it is possible to tailor the dietary guidelines and intervention strategies to the actual dietary practices of each population.
Besides identifying the most nutritious combinations of local foods, there are other methods for improving dietary quality that may be appropriate in certain situations. For example, the content of bioavailable iron and zinc in home-prepared diets can be enhanced by reducing phytate concentrations through germination, fermentation, and/or soaking; by reducing intake of polyphenols, which are abundant in coffee and tea and are known to inhibit iron absorption; by increasing the intake of enhancers of iron and zinc absorption, such as ascorbic acid (for absorption of nonheme iron) and other organic acids (for absorption of both zinc and nonheme iron; these include citric, malic, tartaric, and lactic acids, some of which are produced during fermentation); and by including animal products in the meal, which promote the absorption of iron and zinc from plant-based foods [39] . Fermentation is a promising approach, not only because it enhances iron and zinc bioavailability, but also because it increases the levels of several B vitamins.
Similar issues of bioavailability may apply to plant sources of provitamin A carotenoids. There is some evidence that orange fruits (e.g., papaya, mango, and pumpkin) are more effective than dark-green leafy vegetables for improving vitamin A status [40] . Orange fruits may also be a more acceptable option because in many cultures there is reluctance to feed dark-green leafy vegetables to infants. Likewise, calcium bioavailability is a concern in some plant foods (such as dark-green leafy vegetables) that have a high content of oxalates, which inhibit calcium absorption [41] . Therefore, when there is a choice of calcium-rich plant foods, it may be preferable to select those with low oxalate content.
Aside from nutrient content, the risk of microbial contamination is an important consideration in designing complementary feeding diets. Although the main strategy for increasing calcium intake is to include dairy products, in disadvantaged populations the promotion of liquid milk products is risky because they are easily contaminated, especially when fed by bottle. Fresh, unheated cow's milk consumed prior to 12 months of age is also associated with fecal blood loss and lower iron status [42, 43] . For these reasons, it may be more appropriate to use items such as cheese, dried milk, and yogurt. Fermentation has been shown to reduce the risk of microbial contamination in complementary foods. In a recent study in 50 households in Ghana [44] , the coliform counts of a maize-legume porridge prepared in the morning and sampled in the evening were reduced by 50% when the food included maize that had been fermented and dried prior to its incorporation into the dry product before cooking, in comparison with the porridge that included unfermented maize.
Improving the nutritional quality and microbiological safety of home-prepared complementary foods using the strategies described above can go a long way towards improving the nutritional status of young children. However, even with use of techniques to enhance micronutrient bioavailability, plant-based complementary foods by themselves are insufficient to meet the needs for certain nutrients (particularly iron, zinc, and calcium) during the period of complementary feeding [39] . Inclusion of animal products can meet the gap in some cases, but this increases the cost and may not be feasible for the lowest-income groups. Furthermore, the amounts of animal products that can feasibly be included in complementary foods in developing countries are generally not sufficient to meet the gaps in iron, calcium, and sometimes zinc. Gibson et al. [39] evaluated 23 different complementary food mixtures used in developing countries, some of which included animal products. Although most met the protein and energy needs, none met the desired iron density and few met the desired calcium or zinc density. Thus, strategies to optimize nutrient intake from locally available foods may need to be coupled with other approaches in order to fully address the problems of micronutrient malnutrition.
Micronutrient supplements
Given that it is very difficult to meet micronutrient needs from home-prepared foods, the option of micronutrient supplementation should be considered. This can be accomplished either through direct administration of liquid supplement "drops" or crushable tablets to the child, or by mixing a micronutrient preparation (e.g., "sprinkles" or a fat-based spread) with the complementary foods given to that child. To date, most of the experience with direct micronutrient supplementation has been with single nutrients, particularly vitamin A. Vitamin A supplementation programs have largely been successful in improving the vitamin A status of preschool children in deficient populations, but there are concerns about coverage (particularly of infants) and sustainability [45] . Because vitamin A is a fatsoluble vitamin and is stored in the liver, infrequent high-dose supplementation is effective. However, this is not the case for iron and zinc, which must be administered more frequently in relatively small doses to be safe and effective. In the past few years, there has been increasing interest in supplements that combine several key micronutrients. Data from several trials to evaluate the efficacy of iron-zinc combinations and multiple micronutrient tablets for infants should be available soon. The advantage of direct supplementation is that the dose and form of the nutrients (i.e., bioavailability) can be specified to ensure that the infant absorbs the appropriate amount, although uncertainties remain about the interactions among nutrients and between supplemental nutrients and food components. The disadvantages include the risk of accidental poisoning of children in the household, the cost of supplements and containers, potentially low compliance if caregivers believe that the supplements cause adverse reactions or tire of giving them every day, and dependency on a distribution system based outside the local community.
The use of micronutrient preparations that can be mixed with complementary foods in the household may avoid some, though not all, of the disadvantages listed above. Micronutrient sprinkles have been developed that use encapsulated forms of some of the nutrients to permit multiple nutrient combinations with acceptable stability and taste (personal communication, Zlotkin S, The Hospital for Sick Children, Toronto, Ontario, Canada, 2000). These can be packaged in single-dose packets, to be mixed once a day with whatever food is typically fed to the infant. To date, sprinkles have included combinations of two or more of the following nutrients: iron, vitamin C, zinc, vitamin A, and iodine. Data from efficacy trials should be available soon. The results from the first set of trials, which tested sprinkles with iron and vitamin C to treat anemic children aged 6 to 24 months in Ghana, indicate that they are as effective as iron sulfate drops [46] . The results of studies with other nutrient combinations are forthcoming, and additional research is planned on the bioavailability of nutrients provided in this form and on adding pre-and/or probiotics to the packets to enhance resistance to infection.
Another product, which is a fat-based spread (like peanut butter) fortified with multiple micronutrients, has been developed by the Institute de Recherche pour le Developpement (Paris) and Nutriset (Malaunay, France). This product was originally developed for the rehabilitation of malnourished children, as an alternative to the WHO F100 liquid diet [47] , and was intended to serve as a ready-to-use food that has high energy and nutrient density. Initial studies documented that it was better accepted than the WHO F100 liquid diet [47] , and relief agencies have been using it successfully in famine situations. Following development of the original product, the company has designed new products with higher concentrations of vitamins and minerals. One of these products, which was evaluated in refugee children three to five years of age in Algeria [48] , was very well accepted and was associated with reductions in stunting and anemia. No adverse reactions to the peanut-based spread were reported. With the high-nutrient-density versions of this product, only a spoonful per day is needed to meet the micronutrient Update on technical issues needs of infants. This can be mixed with whatever complementary food is normally available. There are several advantages to this product: because it is fat-based and contains no water, the micronutrients included in the spread are protected from oxygen and cannot react among themselves, which leads to a longer shelf-life than that of a powder or flour; the fat in the product increases the energy density of the complementary food and may aid in the absorption of fat-soluble vitamins; because there is no water in the product, it is safe from bacterial proliferation and probably will not support growth of pests such as weevils; if desired, enzymes such as amylase can be incorporated into the spread if it is to be mixed with a viscous porridge; and the technology to produce the spread is simple and can be adopted by communities using local foods (e.g., peanuts or other fat-rich legumes) with addition of the fortificants. Efficacy trials of its use for complementary feeding of infants have not yet been conducted, but Both the micronutrient sprinkles and the fat-based spread have the advantage of being adaptable to any feeding practices with little education required for their use. Caregivers may find them more convenient to use than liquid or tablet supplements because they can be mixed directly with food. The sprinkles are packaged in individual packets, whereas the spread can be packaged either in individual packets or in a larger container. No cost comparisons have been made yet. Per dose of micronutrients, the cost of the spread can be kept low by using the minimal amount of the food base (e.g., peanuts). For both the sprinkles and the spread, the bioavailability of certain nutrients may be influenced by the complementary food with which they are mixed, although these effects could potentially be avoided for the minerals by chelating them with ethylene diaminetetraacetate (EDTA). There may be less risk of accidental poisoning with sprinkles or spreads, because they may be less tempting to young children than the sweet formulations usually used for liquid drops or tablets. However, these features (convenience, bioavailability, and risks) have not yet been formally evaluated. Further research is needed to assess the efficacy and effectiveness of these strategies for ensuring adequate intakes of micronutrients.
Fortified processed complementary foods
Processed complementary foods have been part of the repertoire for improving infant nutrition for decades and have usually involved various combinations of cereals, legumes, and other foods (often dried milk) to provide a high-protein, predominantly plant-based food suitable for infants. Although the objective was to develop low-cost foods, many of these products were still not affordable by poor families and therefore had little impact on the prevalence of child malnutrition. In recent years, however, there has been renewed interest in processed complementary foods, for several reasons. First, with advances in scientific knowledge, there has been a shift from focusing on protein to ensuring that micronutrient needs are met. Fortified foods are a convenient way to achieve this. Second, improvements in manufacturing techniques and local production of blended cereal products have made processed foods more affordable for low-income families. Third, with increased urbanization and employment of women, there is greater demand for precooked products that require less time and effort to prepare.
The optimal characteristics of processed complementary foods are discussed in another background paper by Lutter [49] and will not be reiterated here. One of the difficulties in using fortified foods to meet micronutrient needs is that the intakes of processed complementary foods may have a 10-fold range, from less than 25 g to more than 250 g of dry food per day, depending on the age of the infant and the amount of breastmilk and other foods consumed. A food formulated for children in the second year of life is unlikely to have sufficient nutrient density to meet the nutrient needs of children less than 12 months of age, whereas a food formulated for infants may result in excessive intakes of certain nutrients by older children [50] . Different formulations can be developed for children of different ages, but they would need to be accompanied by effective educational messages regarding their appropriate use.
The advantages of processed complementary foods include convenience, the ability to provide an appropriate balance of nutrients, the possibility of reducing microbial contamination by using instantized and/or fermented products, and potential time savings for caregivers. The disadvantages include cost (although the cost relative to that of other alternatives may be favorable), variable adequacy of micronutrient density and lack of control over the "dose" of nutrients consumed by the child, the need for a distribution network and systems for quality control, and the potential for creating dependency and undermining local agriculture (unless local foods are used for the product). Such products may be most appropriate for urban households that do not grow their own foods and value the convenience of a precooked product. In rural areas of developing countries where foods are primarily home grown and incomes are lower, centrally processed complementary foods may be less appropriate. Whatever the setting, processed complementary foods should not be considered the sole component of a comple-mentary feeding program. Planners need to recognize that a carefully developed social marketing campaign must accompany any program to promote processed complementary foods. When a coordinated strategy is used, appropriate marketing of such foods can provide an opportunity to educate caregivers about appropriate food-preparation and feeding practices, including sustained breastfeeding.
Interaction between breastfeeding and complementary feeding
Degree of displacement of breastmilk by other foods
Many programs to improve complementary feeding have not paid enough attention to avoiding excessive displacement of breastmilk by complementary foods. Although messages to "continue breastfeeding" are usually included, they generally do not specify how mothers can maintain an optimal milk supply. Because infants are quite good at self-regulating their energy intake to meet their needs, they will reduce their breastmilk intake when given a large amount of energy from other foods. As a result, some complementary feeding programs may unintentionally compromise breastfeeding by advocating feeding complementary foods too often or providing too large a proportion of the infant's energy needs from complementary foods.
The degree of displacement of breastmilk by nonbreastmilk foods appears to depend on age. In the first six months of life, each kilocalorie from nonbreastmilk sources displaces about 0.6 to 1.7 kcal from breastmilk; after six months, the proportion displaced appears to be lower (about 0.3 to 0.4 kcal) [51] . However, the latter estimate is based on only two studies (Thailand and Peru), both of which used data from observational studies to examine the association between energy from complementary foods and energy from breastmilk. When nursing frequency was controlled for, in both cases there was still a significant inverse association between these two variables, which implies that even with maintenance of the number of breastfeedings, there will be some displacement of breastmilk. The ideal design for testing this hypothesis is a randomized, controlled trial, but no such studies have been conducted in infants older than six months. In two randomized trials in Honduras [52, 53] that examined this question during the period from four to six months, the breastmilk intake declined when complementary foods were given, even when nursing frequency was maintained.
It thus appears that some displacement of breastmilk is inevitable when complementary foods are consumed. With age, it is of course expected that children will eventually be completely weaned from breastmilk. Thus, the goal is not to sustain the same intake of breast-milk indefinitely, but to determine what is the optimal ratio of energy from breastmilk to energy from complementary foods at various ages. This is not a simple task, and in any case the answer will depend on the setting.
Nutritional tradeoffs
The nutritional tradeoff between breastmilk and complementary foods depends on the quality of the complementary foods. Using data from the study in Bangladesh described previously (personal communication, Kimmons JE, Dewey KG, Haque E, Chakraborty J, Osendarp S, Brown KH, University of California, Davis, Calif., USA, and International Centre for Diarrhoeal Disease Research, Bangladesh, 2002), we calculated the theoretical changes in nutrient intake if an infant consumed an additional 100 kcal of complementary food with a nutrient density representing the average for that population. In this sample of infants (aged 6 to 12 months), the displacement was estimated to be 43 kcal of breastmilk for every 100 kcal of complementary food. The intake of an additional 100 kcal of complementary food would thus be expected to yield a net gain of 57 kcal. This increase would result in a 20% increase in protein intake, but only a small increase in the intakes of iron, zinc, calcium, and riboflavin (2% to 9% of the RNI), and a net decrease in the intakes of vitamins A (-2% of the RNI) and C (-4% of the RNI). The estimates for iron, zinc, and calcium do not take into account the potential differences in bioavailability from complementary foods and breastmilk. These calculations indicate that a greater intake of the typical complementary foods in this population would not substantially improve the micronutrient intake of the infants and might even have adverse effects on micronutrient status if the foods are contaminated and lead to greater morbidity. Of course, the situation would be very different if the nutrient quality of the complementary foods was improved.
Other potential consequences of displacement of breastmilk
Aside from nutritional tradeoffs, displacement of breastmilk may have health consequences for both the infant and the mother. For the infant, reduced intake of the anti-infective components of human milk may increase the risk of infection. For the mother, reduced suckling frequency and intensity may decrease the duration of lactational amenorrhea and increase the chances of becoming pregnant sooner (if other contraceptives are not used). Thus, in populations where these outcomes are undesirable (e.g., they pose health risks for the mother and the current child), it is particularly important to sustain breastmilk intake as much as possible.
Possible strategies for optimizing nutrient intake and infant and maternal health
There is very little information on how to maximize breastmilk intake during the period of complementary feeding. Theoretically, the degree of displacement could be affected by the frequency of meals, the energy density of complementary foods, the timing of breastfeedings (before or after meals), and the mode of feeding (cup, spoon, or bottle). In Guatemala, an intervention designed to promote five meals per day caused a reduction in the time spent on breastfeeding for certain age groups [54] , which strongly suggests that breastmilk intake declined as meal frequency increased. In Nigeria, consumption of a more energy-dense porridge resulted in displacement of other complementary foods, but not breastmilk [55] . Generalizing from just two studies in different populations is risky, but they may imply that interventions to increase energy density are less likely to interfere with breastfeeding than interventions to increase meal frequency.
Drewett et al. [56] examined whether the timing of breastfeedings (before or after meals) influenced the degree of displacement. Breastmilk intake and total time nursing were measured under three different feeding regimens for 36 infants in the United Kingdom, ranging in age from 17 to 43 weeks. On one day the infant was fed solid foods before breastfeeding, on another day the solid foods were fed after breastfeeding, and on a third day no solids were given. Each of the six possible orders of days was followed by six of the infants. Breastmilk intake was lower on the two days on which solid foods were given than on the day with no solids. When solid foods were fed before breastfeeding, the milk intake was lower than when solid foods were fed after breastfeeding. However, over the entire 24-hour period, there was no significant difference in either total breastmilk intake or total time at the breast between days on which solids were given before breastfeeding and days on which solids were given after breastfeeding. This indicates that the infants compensated for the order effect of a given meal by consuming more or less breastmilk at other feedings during the day and night. On the basis of this one study, the timing of meals does not appear to affect the degree of displacement. It has long been believed that bottle-feeding is more likely to displace breastmilk than feeding by cup or spoon. No studies on this question could be located. From an energy point of view, if infants are perfect at self-regulating their intake, it should make little difference how the foods are fed. However, if part of the drive for feeding is to satisfy suckling needs, or if it is simply easier for infants to consume large quantities by bottle, they may prefer liquid foods given by bottle and thus consume more of them than if the foods are given in other ways. There is also the possibility that infants may develop a preference for an artificial nipple over the breast, which can result in complete weaning.
Given the paucity of research data, what can be recommended? Because infants' energy needs vary with their age, size, and state of health, there is no single prescription for avoiding excessive displacement of breastmilk. The standard advice to breastfeed as often as the infant desires is probably the most important recommendation. The guidelines for meal frequency discussed earlier are reasonable estimates until further information is available. It is difficult for some mothers to breastfeed before the family meal (e.g., when they are in the midst of preparing the meal, or when the child has not recently been breastfed and is reaching for other foods), and it probably does not matter whether the child is breastfed before or after the meal. Teaching caregivers to be sensitive to the child's hunger and satiety cues, i.e., feeding until the child rejects further food and not force-feeding, is sensible advice. Avoidance of bottle-feeding is advisable, not only because bottles may cause greater displacement of breastmilk, but also because they increase the risk of contamination in settings with poor environmental sanitation.
It should be mentioned that in some cases the infant may be overly dependent on breastmilk and consuming insufficient complementary foods to meet nutrient needs. In these cases, assuring that the infant's appetite is not compromised by illness or micronutrient deficiencies is the first step. If those causes are ruled out, offering complementary foods before breastfeeding may be advisable, although no studies have been conducted to evaluate this strategy.
Impact of improved complementary foods on child growth
What impact on growth can be expected from programs to improve complementary feeding? As described in the 1998 WHO/UNICEF report [1] and another recent review [57] , the results are mixed. The studies conducted can be divided into efficacy trials of food or multiple micronutrient supplements, and nutrition education interventions that usually included multiple objectives, not just improved complementary feeding.
Efficacy trials of food or multiple micronutrient supplements
The efficacy trials conducted in developing countries have varied considerably in design, foods provided, initial age of the children, duration of the intervention (from 3 to 12 months), and outcomes measured. Detailed descriptions of each of the studies are provided elsewhere [57] . Among the 10 trials in developing countries that provided complementary foods, there was a positive effect on linear growth only in Sudan, Senegal, and Ghana, all in Africa. In this region, growth faltering appears to be more pronounced postnatally than prenatally and thus may be more amenable to change by postnatal nutritional interventions. There are several possible reasons for the lack of effect on linear growth in the other sites. First, the children may have had an adequate initial nutritional status. Second, in several projects the intervention started before the age of six months, when complementary feeding is unlikely to have a beneficial impact and may have adverse consequences. Third, some studies did not include enough infants under 12 months of age, when faltering is most dramatic. Fourth, there were serious methodological limitations in several projects, such as lack of a comparison group that received no intervention, small sample size, short duration of the intervention, and possible attrition bias. Last, there may have been constraints on child growth responses due to infections, long-term effects of prenatal malnutrition, or intergenerational effects of maternal malnutrition. Unfortunately, none of the complementary feeding trials measured breastmilk intake, so it is not possible to calculate the net change in total nutrient intake. As described in the previous section, there is a risk of interfering with breastfeeding if food is given too frequently or in very large quantities. This may have been the case in a study in India, where the rates of fever and dysentery were higher in the group provided with processed fortified foods than in the control group [58] .
The impact of multiple micronutrient supplements has been assessed in several populations (Vietnam, Peru, Guatemala, Mexico, and Gambia; see Dewey [57] ). These studies are included here because they provide information about the potential impact of adding micronutrients to complementary foods. In two of these five trials (Vietnam and Mexico), there was a positive impact on growth. In Vietnam, the effect on linear growth was observed only among the stunted children. This is consistent with the findings of a metaanalysis of zinc supplementation studies showing that zinc supplements have a greater effect on linear growth in stunted than in nonstunted children [59] . Of the micronutrients included in these studies, zinc is the most likely candidate for causing a growth response, since iron and vitamin A supplements have not produced consistent effects on the growth of children under two years of age [60] .
Nutrition education trials
Nutrition education or social marketing strategies have been used to improve complementary feeding practices in several developing countries. Caulfield et al. [61] recently reviewed 16 such programs in 14 different countries. The programs generally included formative research to assess current practices and beliefs and develop appropriate recipes for enriched complementary foods using local ingredients, fol-lowed by recipe trials to determine the acceptability and feasibility of the foods to be promoted. The foods developed were usually grain-based porridges enriched with good sources of protein, energy, or micronutrients. Although these foods were nutritionally superior to the traditional complementary foods in each setting, there was usually little quantitative estimation of the improvement in nutrient intake (particularly for micronutrients) that might result from their use.
Most of the programs took a comprehensive approach to improve infant feeding practices in general, not just complementary foods per se. Key messages usually included exclusive breastfeeding for four to six months, feeding complementary foods three to five times per day, use of selected nutrient-rich foods or recipes, age-appropriate guidelines regarding the consistency of the foods, feeding during and after illness, hygienic methods of food preparation and storage, and continuance of breastfeeding.
Most of the programs that evaluated infant growth reported a positive impact. However, it is risky to attribute these effects only to improved complementary foods, because nearly all the programs also included messages to improve breastfeeding practices, particularly the duration of exclusive breastfeeding. One exception was a project in Bangladesh [62] that focused primarily on improving complementary feeding through nutrition education (without additional messages to promote exclusive breastfeeding through four to six months). After about five months, there was a highly significant difference in the weight-for-age of the intervention group (length was not measured). The intervention group was far more likely than the control group to have been given fish, eggs, or meat (68% vs. 13%), vegetables or fruits (66% vs. 7%), and oil (31% vs. 0%) during the previous 24 hours. Although caution is needed in drawing conclusions from this study because of its nonrandomized design, the results suggest that nutrition education approaches can be effective, even under impoverished conditions. Several recent interventions with relatively strong study designs have provided additional insights. In Congo,* mothers in the intervention zone received nutrition education sessions in groups or at home by local educators who encouraged recommended feeding practices and demonstrated the preparation of improved complementary foods using cassava, peanut or pumpkin butter, and malted maize flour. Despite positive changes in maternal knowledge and practices, there was no improvement in the growth of children aged 4 to 27 months, which led the investigators to conclude that micronutrient deficiencies and/or other * Tréche S. Development and evaluation of strategies to improve complementary feeding in the Congo. Presented at a Heinz-UNICEF-SEAMEO International Workshop on Infant Feeding in Jakarta, Indonesia, October 27-28, 1997. factors may have limited the growth response to the improved foods. By contrast, a positive effect on growth was observed following a nutrition education campaign in China that emphasized exclusive breastfeeding for four to six months, avoidance of bottle-feeding, feeding of egg yolk daily after four to six months, and other advice regarding complementary feeding [63] . Significant differences between the intervention and control group communities were seen at 12 months of age in both weight-for-age (difference of 0.76 Z score) and height-for-age (difference of 0.64 Z score). In Ghana, the Credit with Education program conducted by Freedom from Hunger was evaluated with the use of a randomized, controlled design [64] . This program coupled a microcredit program for women with education in the basics of health, nutrition, birth timing and spacing, and small-business skills. The nutrition topics focused on promotion of exclusive breastfeeding for about six months; use of complementary foods enriched with ingredients such as fish powder, peanuts, beans, egg, milk, and red palm oil (a good source of vitamin A); nutritious snacks such as mashed fruits and vegetables; increased feeding frequency; dietary variety; hygienic practices; and feeding during and after illness. The program had large effects on feeding practices, and there was an improvement in the weight and height of children aged 12 to 24 months (approximately 0.4 to 0.5 Z scores in comparison with changes in the control communities). Because of the multiple components of the Credit with Education program, it is difficult to disentangle which of the changes were responsible for improved child growth. Nonetheless, the results are illustrative of the magnitude of the impact that can be expected when complementary feeding messages are incorporated into a comprehensive program to meet the needs of both women and children.
Integrated approaches that incorporate nutrition education about complementary feeding into growthmonitoring and health programs have also shown success in improving child growth. The "hearth" model, which focuses primarily on rehabilitation of malnourished children using a "positive deviance" strategy [65] , has been evaluated in Haiti [66] and Vietnam [67] . The most positive impact was seen in Vietnam, where the prevalence of severe underweight decreased from 23% to 6% in the implementation communities. The nutrition counseling component of the Integrated Management of Childhood Illnesses (IMCI) program has been evaluated by a randomized trial in Brazil [68] . Training of doctors resulted in improved consultations with patients, better complementary feeding practices, and an improvement in weight (and a nonsignificant improvement in length) among children aged 12 months or more.
Summary
To summarize, the effect of complementary feeding interventions on growth is variable and probably depends on the types of foods promoted, the target age range, the initial nutritional status of the infants, and the degree to which other nutrition and health messages are included in the program. When interventions include an emphasis on breastfeeding (particularly exclusive breastfeeding for the first six months), not just improved complementary foods, a growth effect is more likely to be observed. Thus, comprehensive approaches that address the full range of child-feeding practices are needed.
These findings indicate that program planners should be realistic about the magnitude of improvement in child growth that is achievable through complementary feeding programs. The growth response may be less dramatic than hoped, in part because postnatal growth is constrained by prenatal growth retardation and parental size. It will probably require several generations and greater attention to nutrition prior to and during pregnancy to eliminate stunting. This is one reason to include measurement of multiple outcomes (such as micronutrient status and neurobehavioral development), not just growth, in evaluating the impact of complementary feeding programs.
Components of successful complementary feeding programs
Although there is no "magic bullet" for improving complementary feeding, a well-planned approach can be highly effective. The approach should be systematic, i.e., the activities described below should be followed in order; participatory, i.e., the target group is actively involved in the planning and implementation stages; and coordinated, i.e., all the agencies and programs that deal with maternal and child health should be involved. Several excellent comprehensive manuals are available that describe in detail the activities to be undertaken in planning and implementing such a program [69] [70] [71] [72] [73] [74] [75] . Briefly, the steps described below are recommended.
Assess actual feeding practices, nutrient deficiencies, and factors that influence complementary feeding
This requires collection of information on breastfeeding patterns, dietary intake of young children, the carer's beliefs and attitudes towards child feeding, existing programs targeting maternal and child health, and the socioeconomic and demographic characteristics of the target group. Information on the prevalence of micronutrient deficiencies in children under two years old (e.g., anemia, low serum vitamin A) is also very useful.
Choose appropriate and cost-effective strategies for the target population
In this phase, data collected during the assessment phase are analyzed to decide whether the rates of exclusive breastfeeding for six months need improvement; whether the energy density of the complementary foods is adequate, given the typical meal frequency; which nutrients are most lacking in the diets of young children, and whether local foods are sufficient to meet the nutrient gaps; whether the total energy intake is low and, if so, the likely reasons; whether feeding behaviors, including hygienic practices, are in need of improvement; and what types of interventions are likely to be acceptable to the local population, taking into consideration the cost of, convenience of, and constraints to the adoption of new practices and/or foods. The linear programming techniques mentioned earlier are recommended during this phase. With this information, various intervention options can be ranked according to their feasibility and likelihood of impact, and the most appropriate option or options can be chosen for evaluation in the next step.
Conduct feasibility and acceptability trials
Before mounting a full-scale program, it is essential to evaluate its feasibility and acceptability in the local context. Qualitative approaches, such as focus groups, behavioral change trials, and recipe trials are useful methods for this stage. The guidebook "Designing by Dialogue" [69] includes detailed instructions for conducting recipe trials and trials of improved practices. A field guide for using the hearth model (based on the positive deviance approach) is also available [70] .
Develop a delivery system, including educational and marketing components
Regardless of whether the intervention chosen includes provision of processed foods or nutrient supplements, or is based solely on behavioral change, there will need to be a delivery system that includes an educational and marketing component. The degree of involvement of the private and public sectors needs to be decided, but whatever the approach, input from the target community is critical. Procedures for developing a communications strategy are described in several guides [69, 71] .
Implement the program in coordination with existing programs
The implementation phase requires a well-coordinated system for integration with ongoing programs. Complementary feeding messages should already be a part of growth-monitoring programs, but there may be limitations in terms of coverage and time for counseling. Rather than mounting a separate program, it is useful to consider ways to augment the existing network. Just as essential is the need to ensure that the messages promoted through a complementary feeding program are consistent with the messages promoted through other channels, such as breastfeeding promotion campaigns and maternal and child health initiatives, and with current scientific knowledge.
Set up monitoring and evaluation systems
It goes without saying that a well-designed program includes monitoring and evaluation of both operating effectiveness (coverage, leakage, efficiency, and sustainability) and impact (behavioral change, child growth, micronutrient status, and other indicators). When beginning a new program, it is useful to consider phased implementation to allow for a control group (communities not yet included in the program, preferably randomly assigned to control versus intervention). The control communities can then be assessed along with program communities both before and after implementation to permit evaluation of the impact. Documenting the impact is critical for defending the maintenance of a successful program when the political climate changes.
Policy implications
This review has identified a number of issues that warrant prompt attention as national and international institutions move forward with programs to improve complementary feeding. First, the new information on total energy requirements should be utilized to generate revised recommendations regarding the amount of energy required from complementary foods. Second, the recommendations in the 1998 WHO/UNICEF report regarding feeding frequency, energy density, lipid content, and nutrient density of complementary foods should be revised in light of these changes in energy recommendations. Third, appropriate efforts should be made to harmonize existing information on nutrient requirements during the age range of 6 to 24 months. Whenever possible, these should be based on physiological needs rather than observed intakes. This step is essential for developing scientifically based recommendations on the nutrient density of complementary foods and for identifying problem nutrients in specific populations. Last, there are many research questions that must be resolved in order to optimize the efficacy and effectiveness of complementary feeding programs. These have been highlighted in the individual sections of this paper and will not be reiterated here.
